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Solidification Structures 
off Aluminum Alloy Ingots 



ALUMINUM ALLOY INGOTS intended 
for subsequent rolling, extruding, or forging 
are considered in this article. Ingots intended 
for remelting and shaped castings produced 
in foundries ate not discussed, although their 
solidification structures are similar to those of 
ingots for working. 

Dendrites 

Dendritic solidification macrostructure is 
characteristic of all aluminum alloy castings. 
A variety 0/ such structures in sand, perma- 
nent mold, tnvasiE&esit, and die tastings ate 
shown in Fig. 103 to 179 in the article "Alu- 
minum Alloys" in this Volume. Dendrites in 
aluminum alloy welds and brazed joinls are 
shown in Fig. 180 to 229 in the same article. 

The first systematic attempt to relate den- 
dritic solidification to casting conditions for a 
number of aluminum alloys was reported in 
1950 (Ref 1). It was established that the spac- 
ing between adjacent arms in dendrites de- 
creases as solidification lime decreases. Sub- 
sequent investigations have confirmed this 
result {Ref 2), data from a selection of pub- 
lished papers are shown in Fig. I. The rela- 
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tionship between dendrite arm spacing and 
solidification time is given by the equation: 
d = 7.50 ws ~ (En 1) 

where dendrite arm spacing (J) is in microns 
and solidification time (ff) is in seconds. Con- 
stants depend on the alloy in question, but 
equations of this form have been shown to fit 
extensive data from the aluminum-cop- 
per system. 

The influence of solute content is less well 
defined. In general, up to eutectic composi- 
tions, the effect of increasing solute content 
at a constant freezing rate is to decrease den- 
drite aim spacing i^Fig. 2>. The xelaiionship 
between solute content and dendrite arm 
spacing has been well documented also for 
steel and for copper alloys, as described in 
the articles "Solidification Structures of 
Steel" and "Solidification Structures of Cop- 
per Alloy Ingots" in this Volume. 

Fine and coarse dendritic structures typical 
of aluminum alloy ingots are illustrated in 
Fig. 3 and 4, respectively. Fine dendrite arm 
spacing is usually associated with a uniform 



grain structure In general, dendrite arm 
spacing is most important in ingots of heat- 
treatable alloys and in ingots that are cast 
close to final part size and shape and thus 
subjected 10 a minimum of deformation dur- 
ing subsequent fabrication. 

Grain Structure 

Grain size is an important, readily ob- 
served feature of aluminum alloy ingots. A 
uniform, fine grain size is sought in most in- 
stances to obtain optimum properties in the 
■wrought product. Grain refinement also in- 
creases resistance to hot cracking during cast- 
ing. 

The columnar grain structure shown in 
Fig. 5 is characteristic of a low-solute alloy 
lhat has solidified in a steep temperature gra- 
dient with little turbulence in the melt to ef- 
fect grain refinement by detachment of den- 
drite arms. In the presence of turbulent 
directed melaj flow, the structure of such an 
alloy would consist of columnar and equi- 



distribution of small constituent panicles anrl yrrA grains, as illustrated in Fig. 6. 
generally is preferred However, fine spacing) Groin Refining. The addition of a grain 
is not always compatible with the desired refiner resulted tn the nearly equia.xed struc- 
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F|m ^ fffect of solidification rote, at measured by solidification rim*, on seconder/ dendrite arm spacing of 
*»* caitirios of aluminum alloy! 7075 and AM.5Cu |wt%). The log-log plot includes date from nine inves- 
t'Jalions indicated by nine symbols. 



f 10 15 20 2S 35 
Coppe-. al.^/o 

plrt # O £ " acf °f copper solute content (internal 
*»* scolej on secondary dendrite arm spacing in 
eight oluminum alloys, as plotted for five cooling rales. 
(Ref 3) 
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Fia 3 Direct-chill semiconrinuous coil alio/ 3003 ingot. Solidification time of fig* A Same as Fig. 3, except that solidification was approximately 10 s, which 

•»* approximately 1 i produced fine, dendrite arm spacing, as shown by the r, 9' produced coarser dendrite arm spacing than in fig. 3. Note mot the 

irtterdendr'rtic network of manganese-bearing constituents Idark). See also fig. *. manganese-bearing constituents ore also coarser. Keller's reagent. 50O> 
Keller's reagent. 500 X 




Fia 5 Transverse section through an ingot of alloy 
r ■* " 1 100 thai was cast by the Properii {wheel- 
and-belt) method. Note the consistency with which col- 
umnar grains have grown perpendicularly to each face 
of the mold. Tucker's reagent. 1 '.'i X 



Firs t> 7 longitudinal sections through 25-mm 
rig, a, I (I . in ,i thick jlabi of olloy MOO cost by 
the Hoielett (two-belt) method. Upper slob (Fig. 6) «u 
cost without a grain refiner; tower slab (Fig. 7). with a 
grain refiner. Tucker's reagent. Actual size 




Fia. ft O Portions of transverse sections through two 150-mm (6-in.) diam ingots of allay 6063 rhot were 
*»* ' direct-chill semicontinvous cost. Fig, B: Ingot was cast without a grain refiner, note columnar grains 
and colonies of featheriike crystals near the center of the section. Fig, 9: Ingot, which shows a fine, equloxed grain 
structure, was cost with a groin refiner. Tucker's reagent. Actual size 



ture shown in Fig. 7. The grain-refining in- 
oculflnts commonly used in the aluminum in- 
dustry are master alloys containing titanium 
or titanium plus boron <Ref 4-1). It is com- 
mon practice to add grain-refining master al- 
loy in the form of a 9.55-mm (0.38-in.) diam 
rod continuously to ihe molten metal as it 
flows from the holding furnace to the casting 
unit. Grain-refining additions are used to ob- 
tain a fine, uniform grain structure and lo re- 
duce the formation of center cracks. The 
coarse, nonuniform structure obtained in al- 
loy 6063. which was cast without a grain re- 
finer added to the mek, is shown m Fig. 8. 
The dramatic reduction in grain size and im- 
provement in structure uniformity as a result 
of adding a grain refiner is shown in Fig. 9.\ 

The conflict that may exist between obtain- 
ing a fine dendritic structure and a uniform, 
small grain size is illustrated in Fig. 10 and 
1 1 . Cast without a grain refiner, an ingot ex- 
hibits fine dendrite spacing but wide, colum- 
nar grains (Fig. 10). By contrast, a somewhat 
coarser dendritic- structure with much 
smaller, equia.xed grains is illustrated in Fig. 
1 1, which shows a section from an ingot cast 
with a grain refiner. 

Grain size may be controlled by such 
methods as vibration, stirring, and control of 
metal flow, which provide nuclei by detach- 
ment of dendrite arms. A successful applica- 
tion of the latter method has been reported in 
Ref 8. The fully columnar structure produced 
when the metal feed is locaied al the center of 
the mold cavity is illustrated in Fig. 12. When 
the stream is directed across the solidifying 
shell of the casting, the largely equiaxed 
structure shown in Fig. 13 is obtainedj 

Twinned Columnar Growth (Rorher 
Crystals,]. Aluminum alloy ingots cast with- 
out a grain refiner often exhibit a fan-shaped 
columnar structure, referred to as "feather 
crystals." This structure, illustrated in Fig. 14 
(see also Fig. 8), may be found in low- and 
high-solute alloys. It is most likely to develop 
when there is a steep thermal gradient ahead 
of the solidifying interface (Ref 8) or an inad- 
equate addition of grain refiner (Ref 9)- At 
higher magnification, the feather crystals con- 
sist of twinned columnar grains (Fig. IS)- 
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fig. 10 



out a grain 
1 1 . Barker's 



Wide, columnar gram and fine dendrite 
arm spacing in alloy £063 ingot cait wifh- 
refiner. Polariied light. Comport with Fig. 
reagent. 40 X 



Rg. 1 1 



Same as Fig. 10, e«Cept cast with a grain 
refiner. Note small. equioxed groins ond 
increased dendrite arm spocing compared with Fig. 1 0. 
Polarized light. Barker's reagent. 40 X 




fits 15 13 Tron,verJ * *lice» through portions of two continuously cost 75 X 100-<nm(3 X 4-in.) T-seclion 
r '9' lo ingots of alloy 1100 illustrating the effect of metol-feed location on structure. Fig. 12: the 

liquid metal entered at the center of the section. Fig. 13: the metal-feed location enured a flow of hot metal ocoss 
the solidifying shell. Modified oqua regio {SO ml HNO„ 50 ml HCI|. Actual size. (R»f 8) 



Micresegregatien 

Mosi of the major alloying additions made 
to aluminum are less soluble in the solid 
phase than in the liquid phase; that is. the 
equilibrium distribution coefficient (kj) is less 
I nan 1 (see the article "Solidification Struc- 
tures of Solid Solutions" in this Volume). 
Moreover, fur most solutes, aluminum exhib- 
its a relatively Low terminal solid solubility; 
therefore, second-phase constituents are in- 
variably present in ingot structures. For these 
reasons, the dendriies, which are the first por- 
tions of a cast structure to solidify, are low in 
solute content and are surrounded by inter- 
dendritic networks of one or more second- 
phase constituents. The size and distribution 
of the constituent depend on such factors as 
solute concentration, dendrite arm spacing, 
and grain size. The solute distribution charac- 
teristic of cast alloys, referred to as "coring." 
may be described (Ref 10) with reasonable 
accuracy by the Scheil equation: 

C,= CJk.il -/,)*"' (Eq2) 

where C„ is the concentration of a solute in 
the alloy, k c is the equilibrium distribution 
coefficient, and C s is the composition at 
weight fraction solid /. 

Copper and magnesium microsegregauon 
in a 2124 direct-chill cast ingot, observed us- 
ing electron probe microanalysis, is shown in 
Fig. 16. The path traversed by the electron 
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Fla 1 A Port' 011 °f a longitudinal section through a 
rig. it 7SHnm p. in j 0 \ loy 1)0 o ingot, 

direct-chill cost without a groin refiner. Center of sec- 
tion contains fan-shape zones of feather crystals. Tuck- 
er's reagent. Actual site 



c: n | c Feather crystals in on alloy 3003 ingot 
rig. I s ) ( 101 WOJ caJ | py ^ direct-chill seroicon- 
tinuous process. Growth twins in the crystals have been 
revealed by photographing the specimen with polar- 
ised light. Barker's reagent. 50X 
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I a. Copper and magnesium micro segregation 
in a direct-chill semkont'-nudus cast (610 



X 1372 mm, or 24 X 54 in.) 2124 alloy ingot, (a) 
Dendrite cells at midthiekness location in ingot and en- 
richment or copper and magnesium at the cell bound- 
aries. When observed in conjunction with Hie electron 
probe microanaV*is, *he gradual increase in solute con- 
centration across the dendrite cell is readily apparent, 
(b) Microprobe trovers* across dendrites 



